T ubulointerstitial fibrosis in the kidney is one of the common and representative findings of many chronic renal diseases. In progressive states, it causes irreversible renal dysfunction, necessitating renal replacement therapy (1, 2) . Many factors have been reported to be fibrogenic in the kidney. Particularly, TGF-␤1 induces tubular epithelial-to-mesenchymal transition (EMT) (3, 4) and is thought to be one of the major causes of renal fibrosis. It is thought that TGF-␤1 plays a significant role in the progression of diabetic nephropathy (5) and also in an experimental rodent model of unilateral urinary obstruction (1) .
All members of the TGF-␤ superfamily transmit their signals through type I and type II serine/threonine kinase receptors (2) . Upon TGF-␤1 stimulation, the type II receptor phosphorylates the type I receptor, which subsequently phosphorylates receptor-regulated Smad proteins (R-Smads) Smad2 and/or Smad3. Then phosphorylated R-Smads form heterocomplexes with common Smad protein Smad4 and translocate into the nucleus and regulate the transcription of TGF-␤1 target genes (2,6 -8) . It is reported that besides Smad signaling, TGF-␤1 signals can be transmitted via other signal transduction pathways in human kidney cells, such as p38 mitogen-activated protein kinase, Akt/protein kinase B, and RhoA (7, 9) . However, TGF-␤1-induced tubular EMT seems to depend primarily on Smad signaling (7) .
Many kinds of therapeutics to reverse TGF-␤1-induced tubular EMT have been investigated. Bone morphologic proteins (BMP) are members of the TGF-␤ superfamily, whose signals are transmitted via phosphorylated Smad1, Smad5, and Smad8 (2) . In this pathway, BMP-7 signals directly antagonize TGF-␤1 signals at the transcription level and reverse TGF-␤1-induced tubular EMT (3) . Another renotrophic factor, hepatocyte growth factor (HGF), is reported to block TGF-␤1-induced EMT (10, 11) . It is suggested that HGF antagonizes TGF-␤1 signals by inducing Smad transcriptional co-repressors such as Ski-related novel gene (SnoN) and TG-interacting factor (TGIF) (10) , but the underlying mechanisms remain largely unknown (12) . Recently, it was reported that some epithelial cells that overexpress inhibitors of DNA binding/differentiation (Id) ectopically showed resistance to TGF-␤1-induced EMT (13, 14) , but its exact mechanisms also still are unclear.
Histone acetylation is mediated by mutually opposing activities of histone acetyltransferases (HAT) and histone deacetylases (HDAC) (15, 16) . When HAT are activated or HDAC are suppressed, more histones are acetylated and the chromatin structure becomes relaxed, then transcriptional regulators are able to access promoter regions of genes more easily and modify their expression positively or negatively (15) . HAT and HDAC activities are altered in several cancer cells (17) , and HDAC inhibitors now are promising anticancer agents whose effects are correlated with the transcriptional regulation of specific cancer-related genes (17, 18) . HDAC inhibitors also are shown to have an antifibrogenic effect. Tricostatin A (TSA), an HDAC inhibitor, inhibited transdifferentiation of hepatic stellate cells into myofibroblasts (19) and also abrogated TGF-␤1-inducing fibrosis-related gene expression in skin fibroblasts (15) . In human pulmonary fibrosis, phenylbutyrate, a weaker HDAC inhibitor, decreased collagen type I production (20) . However, it still largely is unknown how these HDAC inhibitors act against fibrosis. In this study, we investigated whether TGF-␤1-induced tubular EMT can be suppressed by TSA in human renal proximal tubular epithelial cells (RPTEC) and attempted to reveal its underlying mechanisms.
Materials and Methods

Cell Culture and Treatment
Human RPTEC and culture medium (REGM BulletKit) that contained 0.5% FBS, hydrocortisone (0.5 g/ml), EGF (10 ng/ml), epinephrine (0.5 g/ml), triiodothyronine (6.5 ng/ml), transferrin (10 g/ml), insulin (5 g/ml), gentamicin (50 g/ml), and amphotericin (50 ng/ml) were purchased from Cambrex Corp. (East Rutherford, NJ). RPTEC (three to five passages) were cultured in REGM BulletKit on culture plates to subconfluence and then treated with 3 ng/ml TGF-␤1 (R&D Systems, Minneapolis, MN) and/or TSA (Biomol Research Laboratories, Plymouth Meeting, PA) at the indicated concentrations for the indicated periods of time.
Real-Time Reverse Transcriptase-PCR
Total RNA was extracted with an RNeasy Mini Kit (Qiagen K.K., Tokyo, Japan) following the manufacturer's protocol. cDNA was synthesized from total RNA samples by reverse transcription with highcapacity cDNA archive kit (Applied Biosystems, Foster City, CA) following the manufacturer's protocol. Quantitative real-time reverse transcriptase-PCR was performed using commercially available TaqMan probes (E-cadherin, Hs00170423_m1; collagen type I, Hs00164004_m1; BMP-7, Hs00233476_m1; HGF, Hs00300159_m1; Ski, Hs00161707_m1; SnoN, Hs00180524_m1; TGIF, Hs00820148_g1; Id1, Hs00357821_g1; Id2, Hs00747379_m1; Id3, Hs00171409_m1; and glyceraldehyde-3-phosphate dehydrogenase, 4326317E) and analyzed on an ABI PRISM 7000 sequence detector system (Applied Biosystems). Quantitative values were obtained from the threshold PCR cycle number at which an increase in signal that was associated with exponential growth of the PCR product started to be detected. The relative mRNA levels in each sample were normalized to its glyceraldehyde-3-phosphate dehydrogenase content.
Western Immunoblot Analysis
RPTEC were lysed in sample buffer that contained 50 mM Tris-HCl (pH 6.8), 2% SDS, 6% ␤-mercaptoethanol, and 10% glycerol. After homogenization of samples on ice, total protein concentration was measured with an RC DC protein assay kit (Bio-Rad, Hercules, CA) following the manufacturer's protocol. Equal amounts of total proteins were boiled and separated on SDS-polyacrylamide gels (Bio-Rad). Then the proteins were transferred onto a nitrocellulose membrane (Hybond-ECL; Amersham, Arlington Heights, IL) in transfer buffer that contained 25 mM Tris, 0.192 M glycine, and 20% methanol. The membrane was blocked for 1 h in 2% BSA dissolved in Tris-buffered saline (20 mM Tris, 0.8% NaCl, and 0.1% Tween20 [pH 7.6]) that contained 0.1% Tween20 (TBST) and then incubated for 1 h with primary antibodies to E-cadherin (BD Pharmingen, San Jose, CA), ␤-actin, Smad2/3 (Santa Cruz Biotechnology, Santa Cruz, CA), acetylated histones (Upstate Biotechnology, Lake Placid, NY), phospho-Smad2 (Cell Signaling Technology, Beverly, MA), or phospho-Smad3 (Novus Biologicals, Littleton, CO), followed by the respective horseradish peroxidase-linked secondary antibody (Amersham) diluted appropriately in TBST that contained 1% BSA. After washing with TBST, the immunoreactive proteins were detected by an enhanced chemiluminescence detection system (Amersham). The relative protein levels of E-cadherin and acetylated histones in each sample were normalized to its ␤-actin content, and the relative phosphorylation levels of Smad2 and Smad3 protein in each sample were normalized to its Smad2/3 protein content (21) .
Immunofluorescence Staining of Collagen Type I
RPTEC that were plated on Lab-Tek chamber slides (Nalge Nunc International, Rochester, NY) were treated with 3 ng/ml TGF-␤1 and/or 1000 nM TSA for 48 h. The cells were fixed with cold methanol and blocked in 2% goat serum diluted in PBS that contained 0.1% Tween20 and then incubated overnight with anti-collagen type I goat polyclonal antibody (Chemicon International, Temecula, CA) followed by Alexa Fluor 488 anti-goat antibody (Molecular Probes, Eugene, OR) diluted in blocking solution. After washing with PBS that contained 0.1% Tween20, the stained cells were mounted with Vecta Shield mounting medium (Vector Laboratories, Burlingame, CA) and viewed with an Eclipse TS100 microscope (Nikon, Tokyo, Japan).
Chromatin Immunoprecipitation Assay
Chromatin immunoprecipitation (ChIP) assay was performed with an Acetyl-Histone Immunoprecipitation Assay Kit (Upstate Biotechnology) following the manufacturer's protocol. Briefly, approximately 1 ϫ 10 6 cells in a six-well culture plate were incubated with 1% formaldehyde diluted in culture medium for 10 min at 37°C. Each sample that was lysed in SDS lysis buffer (kit component) that contained protease inhibitors (1 mM PMSF, 1 g/ml aprotinin, and 1 g/ml pepstatin A) was sonicated on ice to shear DNA to lengths between 200 and 1000 bp and incubated with primary antibodies to acetylated histones overnight at 4°C on a shaker plate. Then samples were incubated with Salmon Sperm DNA/Protein A Agarose Slurry (kit component) for 1 h at 4°C on a shaker plate. After washing several times with washing buffers (kit components), the pelleted protein A agarose/antibody/histone complex was incubated with elution buffer (1% SDS and 0.1 M NaHCO 3 ) for 15 min at room temperature. Then the samples were incubated with 0.2 M NaCl for Ͼ4 h at 65°C. After DNA was recovered by phenol/ chloroform extraction and ethanol precipitation, PCR was performed using the following primers: E-cadherin promoter (GenBank accession no. L34545), 5Ј-AGCCCCATCTCCAAAACGA-3Ј and 5Ј-TTATGG-GACCTGCACGGTTC-3Ј; Id2 promoter (22) , 5Ј-GTTGCAAAAGC-CCACACTAAGC-3Ј and 5Ј-GTTCACTGCAACCCATCGG-3Ј; and BMP-7 promoter (GenBank accession no. AF210054), 5Ј-GCGGAGAA-GATCGCTGATC-3Ј and 5Ј-ATCAGACGCTGCTTTCTCCT-3Ј. Aliquots of samples before immunoprecipitation (Input) also were analyzed by PCR to quantify the amount of DNA present in different samples. The relative DNA levels in each sample were normalized to its Input DNA levels (23).
Statistical Analyses
All results are expressed as mean Ϯ SEM. Paired t test and Fisher protected least significant difference test were used for statistical comparison. P Ͻ 0.05 was considered statistically significant.
Results
TSA Prevents TGF-␤1-Induced EMT-Like Morphologic Changes in Human RPTEC
It is known that TGF-␤1 induces EMT in many kinds of epithelial cells and changes their shape from a cuboidal to a more elongated form, a so-called spindle-like shape, in vitro (6,24 -27) . Cultured human RPTEC without treatment showed a cuboidal shape ( Figure 1A ), and treatment with TGF-␤1 alone made their shape spindle-like ( Figure 1E ). Conversely, treatment with TSA in the presence of TGF-␤1 prevented TGF-␤1-induced morphologic changes in a concentration-dependent manner (Figure 1 , F through H). Cells that were treated with TSA alone did not change morphologically ( Figure 1, B through D) .
TSA Prevents TGF-␤1-Induced Downregulation of ECadherin and Upregulation of Collagen Type I in Human RPTEC
E-cadherin is expressed in epithelial cells and is regarded as a marker of epithelial cells (25) . Treatment with TGF-␤1 alone reduced gene expression of E-cadherin to approximately 70% of control (Figure 2A ). However, co-treatment with TSA prevented the downregulation of E-cadherin almost completely (Figure 2A) . To clarify the effect of TSA on the protein level of E-cadherin in human RPTEC, we performed Western blot. Treatment with TGF-␤1 alone reduced protein expression of E-cadherin to approximately 50%, but co-treatment with TSA significantly prevented the reduction ( Figure 2B ). Next, we examined gene expression of collagen type I, which is regarded as a reliable marker of fibrosis in many organs (15, 19, 20, 28) . As shown in Figure 2C , treatment with TGF-␤1 alone markedly increased gene expression of collagen type I by approximately 20-fold, but co-treatment with TSA reduced it almost to 50%. This also was the case for protein expression. Cells that were treated with TGF-␤1 alone showed a strong signal of collagen type I, but co-treatment with TSA showed a faint signal (background level; Figure 2D ). Because TSA alone increased E-cadherin and collagen I mRNA, these results suggest that TSA is not a specific antagonist for TGF-␤1 but may antagonize indirectly TGF-␤1-induced EMT by inducing several factors that counteract TGF-␤1.
TSA Does Not Alter TGF-␤1-Induced Phosphorylation of Smad2 and Smad3
TGF-␤1 transmits its signals by binding to its type I and type II receptors, which subsequently phosphorylate receptor-regulated Smad proteins Smad2 and/or Smad3 (2,7). To clarify the mechanism of the inhibitory effect of TSA on TGF-␤1 signals, we investigated the effect of TSA on TGF-␤1-induced phosphorylation of Smad2 and Smad3. As shown in Figure 3 , TGF-␤1 alone induced phosphorylation of Smad2 and Smad3, but co-treatment with TSA showed no effect. These results suggest that TSA does not suppress TGF-␤1 signals at the level of Smad2 and Smad3 phosphorylation but at a downstream level. Because TSA failed to affect Smad2 and Smad3 phosphorylation, we tried to examine the downstream pathways. We performed ChIP assay for the collagen type I gene by antibodies against phosphorylated Smad2 and Smad3, respectively, but the results were not clear (data not shown).
TSA Induces Several Inhibitory Factors of TGF-␤1
Several factors have been reported to have an antifibrogenic effect or to antagonize TGF-␤1 signals, such as BMP-7 (1-3) ; HGF (7, 10) ; Ski, SnoN, and TGIF (5, 10, 29) ; and Id1, Id2, and Id3 (13, 14) . Therefore, we investigated whether TSA induces these factors by quantitative real-time PCR. Treatment with TGF-␤1 Figure 3 . TSA does not alter TGF-␤1-induced phosphorylation of Smad2 and Smad3. RPTEC were treated with TGF-␤1 (3 ng/ml) and TSA (300 nM) for the indicated periods of time. Representative Western immunoblot of phosphorylated Smad2 (p-Smad2) and Smad3 (p-Smad3) (A) and its graphical presentation (B) are shown. Data are means Ϯ SEM of five independent experiments. *P Ͻ 0.05 versus control. alone showed no effect on gene expression of Id2 and BMP-7, but co-treatment with TSA significantly upregulated it ( Figure  4) . Treatment with TGF-␤1 alone significantly upregulated gene expression of Id1 and SnoN, but co-treatment with TSA hardly upregulated it (data not shown). We also examined the gene expression of HGF, TGIF, Ski, and Id3, but treatment of TSA showed little effect (data not shown). To confirm the results of real-time PCR, we performed Western blot. However, we could not get significant changes, suggesting that real-time PCR may be more sensitive to detect changes of these factors in our model.
TSA-Induced Histone Remodeling Is Involved in Downregulation of E-Cadherin and Upregulation of Id2 and BMP-7
To investigate whether acetylated histones H3 and H4 were increased by treatment with TSA, we performed Western blot. As shown in Figure 5 , the amount of acetylated histones H3 and H4 was significantly increased by treatment with TSA in the presence and absence of TGF-␤1. We next performed ChIP assay for the E-cadherin, Id2, and BMP-7 genes. As compared with treatment with TGF-␤1 alone, co-treatment with TSA significantly increased acetylated histones H3 and H4 in the Ecadherin promoter region: H3 in the Id2 promoter region and H4 in the BMP-7 promoter region ( Figure 6 ).
Discussion
HDAC inhibitors prevent fibrosis in the liver (19) , skin (15) , and lung (20) , but most of their underlying mechanisms remain to be elucidated. Although TSA improves renal disease in the MRL-lpr/lpr mouse (16), it is not known whether TSA prevents EMT in human renal epithelial cells. In this study, we demonstrated that TSA prevented TGF-␤1-induced EMT in human . Acetylated histones H3 and H4 are increased by treatment with TSA. Whole lysates of RPTEC that were treated with TGF-␤1 (3 ng/ml) and TSA (300 nM) for 6 h were Westernblotted with specific antibodies against acetylated histone H3 (AcH3) and H4 (AcH4). Representative Western immunoblot of AcH3 (A, top) and AcH4 (B, top) and their graphical presentation (A and B, bottom) are shown. Data are means Ϯ SEM of seven independent experiments. *P Ͻ 0.05 versus control; **P Ͻ 0.05 versus TGF-␤1-treated RPTEC.
RPTEC and induced Id2 and BMP-7 that antagonize TGF-␤1 signals.
TGF-␤1 signals normally are transmitted to the nucleus through phosphorylation of R-Smads Smad2 and/or Smad3, which then form heterocomplexes with Smad4 (2,7). In our experiments, TGF-␤1 induced phosphorylation of Smad2 and Smad3, which was not altered by co-treatment with TSA. This suggests that TSA is likely to suppress TGF-␤1-induced tubular EMT downstream of R-Smad phosphorylation, and these results are compatible with the induction of Id2 and BMP-7 by co-treatment with TSA. It is reported that BMP-7 antagonizes TGF-␤1-induced EMT in mouse distal tubular epithelial cells (3), inhibits TGF-␤1-dependent profibrogenic activities in murine mesangial cells (1) , and also prevents renal injury in a rat model of ureteral obstruction (30) in which TGF-␤1 is a key molecule in the development of tubulointerstitial fibrosis (31) . Figure 6 . TSA-induced histone remodeling regulates some gene expression. Chromatin immunoprecipitation assay of the E-cadherin (A), Id2 (B), and BMP-7 (C) promoter regions in RPTEC that were treated with TGF-␤1 (3 ng/ml) and TSA (300 nM) for 6 h. Immunoprecipitation was performed using specific antibodies against AcH3 (A through C, left) and AcH4 (A through C, right), and PCR was performed using specific primers for the E-cadherin (A), Id2 (B), and BMP-7 (C) promoter region. Representative PCR bands of the E-cadherin (A, top), Id2 (B, top), and BMP-7 (C, top) promoter region and their graphical presentation (A through C, bottom) are shown. Aliquots of samples before immunoprecipitation (Input) also were analyzed by PCR to quantify the amount of DNA present in different samples (A through C, top). Data are means Ϯ SEM of four independent experiments. *P Ͻ 0.05 versus TGF-␤1-treated RPTEC.
Many factors inhibit BMP-7 signals, such as noggin and chordin, but no known factor or compound upregulates expression of BMP-7. Recently, Lin et al. (32) reported that kielin/chordinlike protein enhanced the BMP signal, but our results showed that TSA upregulated expression of BMP-7 itself.
Liu et al. (10) suggested that HGF antagonizes the profibrogenic action of TGF-␤1 in mesangial cells and tubular epithelial cells by inducing Smad transcriptional co-repressors TGIF and SnoN, respectively. HGF also was reported to retard the progression of chronic obstructive nephropathy models (11) , but its underlying mechanisms remain unknown (12) . Recently, it was shown that expression of Id, which antagonizes basic helixloop-helix transcription factors, was increased by BMP-7, and ectopic expression of Id2 and Id3 rendered epithelial cells refractory to TGF-␤1-induced EMT (13) . This suggests there are distinct basic helix-loop-helix factors that regulate the process of EMT and that are antagonized by Id2 and Id3, but these entities are not clear (13) . Although TSA failed to upregulate HGF, TSA augmented gene expression of BMP-7 and Id2 even in the presence of TGF-␤1. These results suggest that the inhibitory effects of TSA on TGF-␤1-induced tubular EMT may be mediated through these factors. However, because gene expression of BMP-7 and Id2 increased by only two-to three-fold in the real-time reverse transcriptase-PCR, their definite roles still are unclear. To clarify these points, we examined the effect of small interference RNA (siRNA) for these factors. We used commercially available siRNA for BMP-7 and well-established siRNA for Id2 (13), but we could not get enough gene knockdown. Because human RPTEC is damaged easily and may not be good enough for siRNA studies, the definite role of these factors remains to be determined. Rombouts et al. (15) showed that TSA suppresses TGF-␤1-induced fibrosis with an increase of TGIF, and our results showed that TSA upregulated Id2. However, we should be careful to speculate the effect of TSA in vivo. We examined the effect of TSA on a mouse model of ureteral obstruction (30) in which TGF-␤1 is a key molecule in the development of tubulointerstitial fibrosis (31) . Although there was some variation of fibrosis in this model, we confirmed that TSA inhibited progression of kidney fibrosis. However, we could not find significant effect of TSA on E-cadherin gene expression (unpublished data, M.Y., 2005). This discrepancy between in vitro and in vivo studies is probably because kidney fibrosis, in vivo, is not simply mediated by TGF-␤1 alone, as in the in vitro model (33) .
Next we investigated whether the changes in gene expression described previously were due to chromatin remodeling that was induced by TSA. Western blotting analysis showed an increase in total amounts of acetylated histones among the whole chromatin ( Figure 5 ), but it is not clear which individual gene actually was regulated by the effect of TSA. Therefore, we performed ChIP assay for the E-cadherin, Id2, and BMP-7 genes, which were upregulated by treatment with TSA. The result indicated that expression of at least these three genes was increased through chromatin remodeling by TSA ( Figure 6 ). Because BMP-7 is known to effect Id2 and E-cadherin expression, it may be possible that TSA induced BMP-7, which in turn increased Id2 expression and E-cadherin expression. Because it is reported that only Ͻ10% of gene expression is increased by the effect of HDAC inhibitors (16, 34) , comprehensive analysis such as microarray analysis will be required to determine all of the genes that are involved in prevention of TGF-␤1-induced tubular EMT by TSA.
TSA and other HDAC inhibitors were reported to induce apoptosis in some cancer cells. In our experiments, the concentration of TSA was almost the same or even higher (up to 1 M) than the concentration that induces apoptosis in cancer cells (17, 18, (35) (36) (37) , but we could not find any toxicity in human RPTEC. Recently, it was reported that HDAC inhibitors induced tumor-selective toxicity through activation of the death receptor pathway (38) . These results suggest that TSA can be used for the treatment of tubular EMT without overt toxicity.
Conclusion
Our results showed that inhibition of HDAC activity suppresses tubular EMT that is induced by TGF-␤1. The precise mechanism remains to be determined, but our results showed that TSA induced several inhibitory factors of TGF-␤1 signals, such as Id2 and BMP-7, in human RPTEC. These results suggest that TSA and other HDAC inhibitors could be new therapeutic agents for tubular EMT.
Disclosures
None.
